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Ballard roots his development in 
the language of computation, the 
only tool available with which we can 
express the full breadth of necessary 
concepts, from mathematics to 
logic, representations, input and 
output, algorithms, control, systems, 
memory, interaction, and more (see 
also [8]). He uses this full breadth 
of computational methodologies far 
more effectively than seen previously 
and thus makes a more powerful 
statement for their utility than David 
Marr or others. 
The path Ballard presents is 
perhaps best considered using 
his own main argument: it is an 
abstraction. As an abstraction, and 
if a correct abstraction, future efforts 
should be able to defi ne the sub-
elements of his plan in such a way so 
that the overall plan remains intact 
and does not deviate. How will we 
know if this is the correct path? What 
does it predict and how can we test 
those predictions? The path laid out 
is suffi ciently rich to motivate much 
experimental work that would answer 
these questions. I feel that Ballard has 
successfully navigated the oceans of 
available constraints, and plotted a 
course that will provide guidance for 
quite some time to come. This book is 
a ‘must read’ for anyone interested in 
understanding the human brain.
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What turned you on to biology in 
the fi rst place? I came to biology 
through a love of natural history. As a 
young boy, growing up in Canberra, the 
family home was on the other side of 
the road from a sheep station. Parrots 
would fl y in to drink at our fi sh pond 
and I have vivid memories of thornbills 
feeding a much larger cuckoo chick. I 
became a fanatical bird watcher until 
academic biology created different 
obsessions. Colleagues have come 
to biology for different reasons. Some 
want to understand how things work, 
to cure disease, or to fi nd an outlet for 
their mathematical talents. These initial 
motivations often have long-lasting 
effects on what questions they fi nd 
interesting. As a general rule, biologists 
who start as naturalists are more likely 
to be interested in questions of adaptive 
function and less motivated by questions 
of mechanism. As a university student, 
I gradually moved from a primary focus 
on traditional ecology to an interest in 
the natural history of the genome, but my 
ecological training remains of great value. 
It is the environment that selects which 
phenotypes transmit their genes to future 
generations. In this very real sense, it is 
ecology, mediated by phenotype, that 
determines genotype.
Who were your key early infl uences? 
My mother was a biology teacher. I 
received a broad education in classical 
biology at Macquarie University without 
taking a course in molecular biology (that 
was still possible). My most important 
mentors were Mark Westoby and Dick 
Frankham, my guides in ecology and 
genetics. Mark became my doctoral 
advisor. Naomi Pierce nominated me for 
a fellowship that brought me to Harvard.
If you had to choose a different fi eld 
of biology, what would it be? If I had 
the freedom of a doctoral student to 
take on a new area for evolutionary 
analysis it might be endocrinology. The 
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life histories are mediated by hormones 
that constitute summaries, one might 
say ‘principal components’, of where 
an organism stands in the adaptive 
space of life-history tradeoffs. A better 
understanding of these tradeoffs 
should illuminate the organization of the 
endocrine system and an adaptationist 
perspective on endocrinology should 
inform understanding of life-history.
Which paper has most infl uenced 
you? Much of my career has been spent 
exploring the implications of Robert 
Trivers’ paper on parent–offspring confl ict 
from 1974. Many at the time rejected 
the concept because it seemed obvious 
that parents obtain their fi tness through 
offspring and what is best for one should 
be best for the other. Forty years on, I 
still hear versions of these arguments. 
Part of the resistance is a trivial 
misunderstanding. The theory of parent–
offspring confl ict defi nes the conditions 
under which interests confl ict but at the 
same time defi nes the conditions under 
which they coincide. Cooperation and 
confl ict are two sides of one coin. Yet, 
one often hears argument of the form 
“parents have evolved to care for their 
offspring, therefore there is no confl ict”. 
The premise is impeccable while the 
conclusion is fallacious, but I suspect 
resistance to parent–offspring confl ict 
has deeper roots because it challenges 
some deeply held myths about parents 
and offspring in particular and the 
evolutionary process in general.
What do you mean by ‘myths’? We 
have a deep desire to see the natural 
world as fundamentally benefi cent and 
natural selection as promoting individual 
well-being. Maximizing the probability of 
survival of an individual child is different 
from maximizing the number of surviving 
children. Therefore, adaptations of 
parents are expected to balance benefi ts 
to particular children against costs to 
fertility. Modern parents are not fi tness 
maximizers, but our psychology has been 
shaped by this evolutionary trade-off. 
We balance parental responsibilities with 
other demands but feel uncomfortable 
with the suggestion that sometimes 
our needs are ranked above those of 
our children. We tell ourselves, and our 
children, we want only what is best for 
them. But our children recognize such 
parental protestations as self-serving.ved
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between the myth of the invisible hand 
in economics — everybody will be 
better-off if everybody follows their own 
interests — and the myth that natural 
selection always acts to increase the fi t 
of an organism to its environment. Myths 
express truths. There are domains in 
which free markets deliver economic 
goods and in which natural selection 
maximizes individual fi tness. But 
myths express only partial truths. The 
invisible hand is bad at providing and 
preserving public goods. Similarly, natural 
selection increases adaptation to the 
physical environment but can produce 
ineffi cient outcomes when the main 
selective force is social competition for 
shared resources. The fi nite capacity for 
maternal care is overexploited because 
of competition among offspring. It is a 
tragedy of the commons. 
Fathers do not always pull their 
weight. Relations between the sexes 
were once viewed by many evolutionary 
biologists as fundamentally cooperative 
with sexual divisions of labor serving 
mutual interests. Robert Trivers and the 
women’s movement have contributed 
to an understanding that what is best 
for males is not always best for females. 
Sexual confl ict is now widely accepted, 
but a similar appreciation of the interplay 
between cooperation and confl ict in 
relations between parents and offspring is 
still to enter the mainstream. Theoreticians 
have a vested interest in ignoring confl ict 
because it limits what their models 
can predict about the world. Biological 
anthropologists, for example, usually 
model optimal birth spacing for mothers 
without considering the advantages to 
offspring of longer interbirth intervals. 
If a phenotype, such as the interbirth 
interval, is subject to parent–offspring 
confl ict then a simple model cannot 
predict what interval should be observed 
because parents and offspring have 
different optima and both can infl uence 
the phenotype. What sort of compromise 
is achieved will be determined by messy 
details of mechanisms and relative 
power that are specifi c to each particular 
case and not easily incorporated into 
publishable models.
What do you think of theories of 
parent–offspring coadaptation? 
Coadaptation is a comforting word 
with an unclear meaning. Plasmodium 
falciparum and humans have a long Currhistory of living together in intimate 
association, are very important actors 
in each other’s lives, and have evolved 
reciprocal adaptations. One could say 
they are coadapted. But something 
more is clearly meant by coadaptation 
in the context of parent–offspring or 
maternal–fetal relations. If nothing more 
is meant than that parents and offspring 
have mutual interests then I have no 
problem. The theory of parent–offpring 
confl ict recognizes both cooperation and 
confl ict between the generations. But 
when coadaptation is promoted as an 
alternative to, or a denial of, confl ict then 
this is simply a defense of the myth of 
intergenerational harmony. The Madonna 
and child is a powerful image.
Where would such ideas make a 
practical difference? An understanding 
of the basics of parent–offspring confl ict 
should be central to all training in 
obstetrics. Our bodies normally function 
well, year after year, but pregnancy is a 
puzzling exception with substantial risks 
for both mother and fetus crammed into 
a few short months. Gestation is central 
to reproduction so why shouldn’t it 
function even more smoothly than other 
physiological processes? The biblical 
explanation was that pain in childbirth 
was Eve’s punishment for tasting of 
the tree of knowledge. A more recent 
version of the fall from grace is that 
complications of pregnancy are side-
effects of our upright stance and the 
recent expansion of our brains. But I do 
not fi nd these explanations compelling. 
We are not the only species to have 
diffi cult pregnancies. 
Natural selection typically promotes 
exquisite coordination of physiological 
processes because all genes of an 
individual benefi t from the same 
outcomes. Pregnancy differs because 
it involves distinct individuals whose 
fi tnesses are maximized by different 
outcomes. Natural selection now acts 
at cross-purposes on genes expressed 
in mothers and fetuses. As a result 
pregnancy lacks many of the homeostatic 
controls of other physiological processes 
and is inherently unstable. Medicine 
traditionally distinguishes between the 
physiological, when the body functions 
as it should, and the pathological, when 
some part is broken or some process 
perturbed. But this distinction breaks 
down when what is physiological for 
the fetus is pathological for the mother, ent Biology 25, R693–R710, August 17, 2015or the reverse. An understanding of the 
diseases of pregnancy will require a 
conceptual separation of the adaptations 
of mothers from the adaptations of 
fetuses and how one party adaptively 
responds to malfunction in the other.
How does this relate to genomic 
imprinting? The idea that imprinted 
gene expression evolves because of 
evolutionary confl ict between genes 
of maternal and paternal origin was 
directly inspired by thinking about 
parent–offspring confl ict. The group of 
paternal genes that compete for maternal 
care is larger than the group of maternal 
genes that compete for the same care. 
Thus, the tragedy of the commons is 
exacerbated for paternal genes that are 
therefore predicted to more strongly favor 
selfi sh interests over collective interests. 
The organism now has aspects of a 
society of agents with different agendas. 
Just as there has been resistance to 
seeing parent–offspring relations as 
imbued with confl ict there has been 
resistance to recognizing confl ict within 
the organism. A view of the body as 
a smoothly functioning machine is a 
powerful myth and there is resistance to 
polluting this vision with the messiness 
of internal politics. Systems biology has 
much to learn from the social sciences as 
well as from the physical sciences.
What do you think are the major 
challenges facing universities? There 
have been profound changes in the 
educational and research missions 
of universities over the past century. 
A hundred years ago, only a small 
proportion of the population attended 
university. The life of the mind was the 
principal motivation for many of these  ©2015 Elsevier Ltd All rights reserved R701
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What are diplonemids and where do 
they belong? Diplonemids have been 
classically described as heterotrophic 
bifl agellated unicellular eukaryotes 
(protists) from the kingdom Euglenozoa 
(part of the supergroup Excavata), which 
also contains important pathogens of 
humans, livestock and plants called 
kinetoplastids (with Trypanosoma, 
Leishmania and Phytomonas as the most 
notorious representatives) and mostly 
photosynthetic euglenids (represented, 
for example, by ubiquitous Euglena). 
Compared to these widespread, diverse 
and important kin, diplonemids were 
until very recently only rarely found in 
marine or freshwater environments and 
only half a dozen species of two genera 
had been described. Diplonemids are 
generally considered to be predatory 
eukaryovores, although parasitic and 
possibly also symbiotic life strategies 
are described for some species. The 
fl agship species, Diplonema papillatum, 
is a sack-shaped cell equipped with 
two short, thin fl agella and, together 
with a few other diplonemid members, 
is available from American Type Culture 
Collection. 
Honestly, if we were to pick 
candidates for exciting protists just a 
few months ago, diplonemids would be 
at the bottom of our list. Indeed, even 
specialized protistological textbooks 
usually devote just a paragraph or two 
to these obscure fl agellates, which 
have consistently been studied by a 
single lab, the group of Gertraud Burger 
in Montreal. But diplonemids recently 
emerged as one of the most diverse and 
abundant eukaryotes. And the amazing 
thing is that we barely know what 
they look like or what they do. How 
could such an apparently important 
group remain totally overlooked for 
such a long time? The answer lies in 
the environment they occupy, which is 
primarily the depths of the ocean.
Are there any molecular features 
unique to diplonemids? Like their 
sister group the kinetoplastids, 
diplonemids harbor a huge 
Quick guide mitochondrial genome, composed 
of thousands of circular DNA 
molecules, which are either relaxed 
and interlocked into a single network, 
or free and supercoiled. We know a 
lot about mitochondrial RNA editing 
and processing in the pathogenic 
Trypanosoma brucei, and it seemed 
likely that similar mechanisms would 
be in place in related diplonemids. 
However, diplonemids developed 
another unique way of dealing with 
their mitochondrial transcripts. While 
in T. brucei mitochondrial mRNAs 
are heavily edited by multiple post-
transcriptional insertions and/or 
deletions of uridines, pretty much 
the same handful of transcripts 
is processed in a dramatically 
different manner in D. papillatum and 
Rhynchopus spp. No intact full-size 
gene has ever been found in their 
mitochondrial genomes, with each 
circular DNA molecule encoding 
just a single gene fragment. In a 
puzzling mechanism, the individual 
fragments are transcribed and 
spliced together by an extensive, 
yet totally uncharacterized trans-
splicing machinery. By gradual 
addition of fragments, a mature and 
translatable molecule is generated. 
The machinery must be extremely 
precise, able to pick among dozens 
of different gene fragments, splicing 
the neighbors together in an exact 
manner. This is already a very twisted 
and unprecedented way of generating 
transcripts of just about a dozen 
mitochondrial-encoded genes, yet it 
is further complicated by limited RNA 
editing. It can be safely said that so 
far this is the most baroque example 
of maturation of any organellar 
transcript.
What is the real diversity of 
diplonemids? The environmental 
sequencing revolution at the turn of 
this century revealed the existence of 
two previously unknown yet abundant 
eukaryotic clades. The fi rst comprises 
important parasites of plankton related 
to classic dinofl agellates called Marine 
Alveolate Group I and II (with fi ve 
lineages being recognized today). The 
second group is known as Picozoa 
(originally picobiliphytes), miniscule 
heterotrophic fl agellates of unclear 
life strategy. Somewhat in the shadow 
of these important discoveries, the students. A degree was not a prerequisite 
for doing well in life. Now young 
people are told they need secondary 
education if they are to get a good job. 
Many professors still see their primary 
educational role as educating students 
with similar values to themselves in 
preparation for academic careers. There 
is a disconnect between what society 
sees as the role of the faculty and how 
the faculty see their role. Pressures for 
education to serve utilitarian ends are 
decried as a degradation of academic 
values. Probably more students than ever 
before, measured as a proportion of the 
general population, are studying literature 
and the arts but, rather than celebrating, 
faculty in these fi elds are conscious of 
losing ground relative to other disciplines 
within the academy. The nature of 
research has also changed. A hundred 
years ago, most scientifi c research was 
relatively cheap and supported by private 
or university funds. Faculty did much of 
the work themselves. Now, expensive 
research is supported by government 
funds with benchwork performed by the 
indentured labor of graduate students 
and postdocs. The head of laboratory 
functions as a kind of Chief Executive 
Offi cer directing this labor. 
With more expected of universities, 
there are pressures for universities to 
be more accountable, accompanied 
by a managerial revolution that seeks 
objective metrics of productivity in aid 
of the effi cient allocation of resources. 
The problem with metrics is that they 
assess what is easy to measure and 
are rapidly corrupted as individuals 
modify their behaviors to conform, or to 
appear to conform, to whatever metric 
provides material rewards. Activity is 
easier to measure than thought and 
counting is quicker than reading. All 
these requirements eat into the time of 
the faculty while expanding the size of 
the managerial class. Universities are 
seeing the same trends as the broader 
society, increasing inequality, less time, 
and a greater proportion of goods 
expropriated by managers. Advancement 
of knowledge and education of the young 
are public goods and extending the reach 
of the invisible hand may not be the best 
way to supply these goods.
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